The neural substrates of learning and memory are thought to involve use-dependent long-term changes in synaptic function, including long-term depression (LTD) of synaptic strength. One biochemical event hypothesized to contribute to the maintenance and expression of LTD is decreased protein phosphorylation, caused by a decrease in protein kinase activity and/or an increase in protein phosphatase activity. We tested whether the activity of protein kinase C (PKC) decreases after the induction of LTD in area CA1 of the adult hippocampus in vivo, and then investigated the mechanism responsible for the LTD-associated alteration in PKC activity. We found that LTD was associated with a significant decrease in both autonomous and cofactordependent PKC activity. The decrease in PKC activity was prevented by NMDA receptor blockade and was not accompanied by a decrease in the level of either PKC␣, ␤, ␥, or . Western blot analysis with phosphospecific antibodies revealed that phosphorylation of Ser-657 on the catalytic domain of PKC␣ (Ser-660 on PKC␤II) was decreased significantly after the induction of LTD, and that this dephosphorylation was prevented by the protein phosphatase inhibitor okadaic acid. The decrease in autonomous and cofactor-dependent PKC activity likewise was prevented by okadaic acid. These findings suggest that LTD in the adult hippocampus in vivo involves a decrease in PKC activity that is mediated, at least in part, by dephosphorylation of the catalytic domain of PKC by protein phosphatases activated after LTD-inducing stimulation. Our findings are consistent with the idea that protein dephosphorylation contributes to the expression of LTD.
The neural substrates of learning and memory are thought to involve use-dependent long-term changes in synaptic function, including long-term depression (LTD) of synaptic strength. One biochemical event hypothesized to contribute to the maintenance and expression of LTD is decreased protein phosphorylation, caused by a decrease in protein kinase activity and/or an increase in protein phosphatase activity. We tested whether the activity of protein kinase C (PKC) decreases after the induction of LTD in area CA1 of the adult hippocampus in vivo, and then investigated the mechanism responsible for the LTD-associated alteration in PKC activity. We found that LTD was associated with a significant decrease in both autonomous and cofactordependent PKC activity. The decrease in PKC activity was prevented by NMDA receptor blockade and was not accompanied by a decrease in the level of either PKC␣, ␤, ␥, or . Western blot analysis with phosphospecific antibodies revealed that phosphorylation of Ser-657 on the catalytic domain of PKC␣ (Ser-660 on PKC␤II) was decreased significantly after the induction of LTD, and that this dephosphorylation was prevented by the protein phosphatase inhibitor okadaic acid. The decrease in autonomous and cofactor-dependent PKC activity likewise was prevented by okadaic acid. These findings suggest that LTD in the adult hippocampus in vivo involves a decrease in PKC activity that is mediated, at least in part, by dephosphorylation of the catalytic domain of PKC by protein phosphatases activated after LTD-inducing stimulation. Our findings are consistent with the idea that protein dephosphorylation contributes to the expression of LTD.
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The neural substrates of information processing and storage most likely involve activity-dependent long-term changes in synaptic strength. Two forms of synaptic plasticity induced by patterned activity in the afferent pathway and considered widely as models of learning and memory are long-term potentiation (LTP) and longterm depression (LTD) of synaptic strength (Bliss and Collingridge, 1993; Malenka, 1994; Martin et al., 2000) . A critical element in the events hypothesized to underlie the induction and early expression of LTP and LTD is modification of protein phosphorylation (Bear and Malenka, 1994; Lisman, 1994; Schulman, 1994; Roberson et al., 1996) . Specifically, LTP is thought to involve increased protein phosphorylation, an idea that is supported by findings of (1) increased protein kinase activity during LTP in hippocampus (Charriaut-Marlangue et al., 1991; Fukunaga et al., 1993; Klann et al., 1993) , a forebrain structure demonstrated to play a critical role in memory function (Squire, 1992) , (2) increased glutamate receptor phosphorylation in association with hippocampal LTP (Barria et al., 1997; Lee et al., 2000) , (3) blockade of the induction and/or expression of hippocampal LTP by inhibition of basal protein kinase activity (Malinow et al., 1988 (Malinow et al., , 1989 Malenka et al., 1989) , and (4) alterations of LTP in hippocampus of mice deficient for one of various protein kinase genes (c.f., Chen and Tonegawa, 1997) .
LTD, on the other hand, is thought to involve decreased protein phosphorylation, an idea supported by findings of (1) increased protein phosphatase activity during LTD in hippocampus (Thiels et al., 1998) , (2) decreased glutamate receptor phosphorylation in association with hippocampal LTD (Lee et al., 1998 (Lee et al., , 2000 , and (3) blockade of the induction and/or expression of hippocampal LTD by inhibition of protein phosphatase activity (Mulkey et al., 1993 (Mulkey et al., , 1994 . Interestingly, the protein phosphatases whose activity was found to be increased during LTD, protein phosphatase 1 (PP1) and protein phosphatase 2A (PP2A) (Thiels et al., 1998) , have been shown to dephosphorylate and regulate the activity of various protein kinases, including of protein kinases implicated in synaptic plasticity (Anderson et al., 1990; Dutil et al., 1994; Strack et al., 1997) . Reduction of protein kinase activity caused by modification by protein phosphatases activated after LTD-inducing stimulation could contribute to and amplify protein dephosphorylation.
One of the protein kinases targeted by PP1 and PP2A and shown to play a role in synaptic plasticity is protein kinase C (PKC) (c.f., Roberson et al., 1996) . Of particular relevance to the regulation of PKC during LTD are findings of proteolytic degradation of a permanently active isoform of PKC, PKM, after the induction of LTD in the immature hippocampus in vitro (Hrabetova and Sacktor, 1996) . Our previous observations of an LTD-associated increase in PP1 and PP2A activity (Thiels et al., 1998) , together with evidence for PKC regulation by these phosphatases (Dutil et al., 1994; Keranen et al., 1995; Parker, 1996, 1997; Lee et al., 1996; Sweatt et al., 1998) prompted us to investigate whether LTD in the adult hippocampus in vivo is associated with a change in PKC activity, and if so, whether the change in PKC activity results from dephosphorylation and/or proteolytic degradation of the kinase.
We herein report that LTD in the adult hippocampus in vivo is accompanied by a decrease in autonomous and cofactor-dependent PKC activity but not by a reduction in the level of either PKC␣, ␤, ␥, or . Additional experiments revealed an LTD-associated decrease in phosphorylation at Ser-657, an autophosphorylation site on the C terminus of PKC␣ (Ser-660 on PKC␤II). The LTDassociated decrease in autonomous and cofactor-dependent PKC activity as well as in phosphorylation at the autophosphorylation site were blocked by inhibition of okadaic acid (OA)-sensitive protein phosphatases. Taken together, these findings suggest that LTD in the adult hippocampus in vivo involves a decrease in PKC activity that is mediated, at least in part, by dephosphorylation of the catalytic domain of PKC by serine/threonine protein phosphatases activated after LTD-inducing stimulation.
Some of the electrophysiological results have been reported previously (Norman et al. 2000) .
MATERIALS AND METHODS
Electrophysiolog y. Electrophysiological methods described previously (Thiels et al., 1994) were used for recordings from the hippocampus of anesthetized adult rats (Sprague Dawley, . Briefly, field responses evoked by stimulation pulses (20 -500 A; 100 sec duration) delivered to the dorsal commissural pathway were recorded in either st. pyramidale or st. radiatum of area CA1 of the right dorsal hippocampus. Series of 10 test pulses (0.1 Hz) were delivered at 5-10 min intervals before and after paired-pulse stimulation, which consisted of three trains of 200 pairs of pulses with an interstimulus interval of 25 msec, an interpair interval of 2 sec, and an intertrain interval of 15 min. The stimulation intensity for test and train pulses was set to produce a CA1 population spike amplitude ϳ40% of maximum amplitude, as determined before the first series of test pulses. In some experiments, either D-2-amino-5-phosphonovaleric acid (D-APV; 100 M, dissolved in 150 mM NaC l) or OA (5-10 M, dissolved in 0.1% dimethylsulfoxide) was administered by continuous pressure-ejection from a micropipette placed near the recording electrode in st. radiatum. Recorded waveforms were amplified, filtered (0.1-10 kHz), digitized (10 kHz), and stored on computer disk for later analysis of the amplitude of the CA1 population spike or the initial slope (1.0 msec after onset) of the population EPSP.
To determine PKC activity at various times after the induction of LTD, animals were killed either 5, 35, or 65 min after termination of the third train of paired-pulse stimulation, and their right hippocampus was dissected out in the presence of cooled artificial C SF (in mM: 124 NaC l, 5 KC l, 1.25 NaH 2 PO 4 , 26 NaHC O 3 , 10 dextrose, 1.5 MgC l 2 , and 2.5 C aC l 2 ). A block of area CA1 (ϳ1 mm 3 ) was excised from each the dorsal and the ventral portion of the hippocampus and placed in individual, coded vials on dry ice, which then were stored at Ϫ70°C until biochemical analysis.
PKC assays. Tissue samples were homogenized in ice-cold buffer [50 mM Tris-HC l, pH 7.4, 1 mM EGTA, 1 mM EDTA, 10 M benzamidine, aprotinin (100 ng /ml), leupeptin (250 ng /ml), 2 mM sodium pyrophosphate, 4 mM p-nitrophenylphosphate, and 1 mM sodium orthovanadate]. Protein concentrations in homogenates were determined using the method of Bradford (1976) . Reaction mixtures (final volume, 50 l) contained 5 l of homogenate, 20 mM Tris-HC l, pH 7.4, 10 mM MgC l 2 , 2 mM sodium pyrophosphate, leupeptin (25 g /ml), 10 M of the specific PKC substrate NG (28 -43) , and 100 M [␥-32 P]ATP. Assays were conducted in the presence of either EGTA (final concentration, 2.5 mM) for the determination of autonomous activity or C a 2ϩ (100 M in the presence of 500 M EGTA) and lipid cofactors (final concentrations: phosphatidylserine, 320 g /ml; sn-1,2-dioctanoylglycerol, 30 g /ml) for the determination of total activity. Cofactor-dependent activity was determined by subtracting autonomous activity from total activity. Reactions were performed for 2 min at 37°C. 32 P incorporation into NG (28 -43) was determined by scintillation counting after spotting onto strips of phosphocellulose filter paper, as described previously (K lann et al., 1993) .
Electrophoresis and Western blot anal yses. Tissue samples were homogenized, and protein concentrations were determined as described above. Equivalent amounts of protein for each sample were resolved by 10% SDS-PAGE, blotted electrophoretically to Immobilon membranes, and probed with a rabbit polyclonal antibody to either PKC␣, ␤, ␥, or (Life Technologies, Gaithersburg, MD), phosphoT500-PKC␤II (a generous gift from Drs. A. C. Newton and J. Johnson, University of C alifornia, San Diego, CA), phosphoT634/641-PKC␤II (a generous gift from Dr. J. D. Sweatt, Baylor College of Medicine, Houston, TX), or phosphoS657-PKC␣ (Upstate Biotechnology, Lake Placid, N Y) (1:500 -1000 final dilution in each case). The blots then were exposed to a goat anti-rabbit IgGperoxidase-linked antibody, and developed using an enhanced chemiluminescence reagent. Densitometric analysis was conducted using N IH Image software.
Statistical anal yses. Unless indicated otherwise, results from assays containing homogenate of dorsal CA1 tissue (experimental) were compared with those from assays containing homogenate of ventral CA1 tissue (control) derived from the same animals with Student's t test for matched pairs. All tests were two-tailed, with the ␣-level set to Յ 0.05.
RESULTS

LTD in area CA1 of the adult hippocampus in vivo is accompanied by a decrease in autonomous and cofactor-dependent PKC activity
To induce LTD of the commissural input to area CA1 of the hippocampus, we delivered three trains of paired-pulse stimulation (200 pairs of pulses with a 25 msec interstimulus interval at 0.5 Hz per train) to the commissural fibers of anesthetized adult rats. Figure 1 A illustrates that paired-pulse stimulation produced a persistent depression of both the amplitude of the CA1 population spike (mean change from baseline 30 min after termination of the third train Ϯ SEM: Ϫ4.0 Ϯ 0.3 mV, n ϭ 12; Fig. 1 Aa) and the initial slope of the CA1 population EPSP (Ϫ0.7 Ϯ 0.1 mV/msec, n ϭ 6; Fig. 1 Ab) evoked by test pulses before and after paired-pulse stimulation. We (Thiels et al., 1994) and others (Doyère et al., 1996) showed previously that LTD induced by paired-pulse stimulation in the adult hippocampus lasts for hours to days.
To examine whether LTD was accompanied by an alteration in PKC activity, we determined 32 P incorporation into NG (28 -43) , an exogenous PKC substrate, in assays containing homogenates of tissue blocks excised from dorsal area CA1 near the recording site either 5, 35, or 65 min after termination of the third train of paired-pulse stimulation.
32 P incorporation into NG (28 -43) in assays containing dorsal CA1 homogenates was compared to that of assays containing homogenate of ventral area CA1 excised from the same animals at the same time (control homogenate). Ventral area CA1 is a cell field very similar to dorsal area CA1 with the important difference, however, that it is not innervated by the dorsal commissural pathway stimulated in these experiments (Laurberg, 1979; Ishizuka et al., 1990) . Figure 1 B shows that PKC activity, as measured in terms of 32 P incorporation into NG (28 -43), was 25-40% lower for assays with dorsal CA1 homogenate (LTD) compared to assays with ventral CA1 homogenate (control) after the induction of LTD. This effect was observed with respect to autonomous PKC activity, i.e., enzyme activity measured in the absence of exogenously applied cofactors ( Fig. 1 Ba), as well as cofactor-dependent PKC activity measured in the presence of the cofactors diacylglycerol, Ca 2ϩ , and phosphotidylserine ( Fig. 1 Bb). The decrease in PKC activity was present within 5 min after the final LTD-inducing stimulation (for both autonomous and cofactor-dependent activity, control vs LTD, n ϭ 6, p Ͻ 0.05) and lasted Ͼ35 min but Ͻ65 min after the final LTD-inducing stimulation (35 min after the third train: both n values ϭ 12, both P values Ͻ 0.01; 65 min after the third train: both n values ϭ 6, both P values Ͼ 0.1). Control experiments, also shown in Figure 1 B, revealed that autonomous and cofactor-dependent PKC activity did not differ between dorsal and ventral area CA1 before LTDinducing stimulation, i.e., at the end of recording of baseline responses (both n values ϭ 6, both P values Ͼ 0.1). Collectively, these findings suggest that LTD in the adult hippocampus in vivo is accompanied by a transient decrease in PKC activity below baseline levels.
We previously demonstrated that induction of LTD by pairedpulse stimulation requires activation of the NMDA receptor (Thiels et al., 1994) . Delivery of paired-pulse stimulation in the presence of the specific NMDA receptor antagonist, D-APV, therefore enabled us to test the potential confound that the decrease in PKC activity resulted from patterned stimulation alone. Figure 2 A shows that three trains of paired-pulse stimulation failed to induce LTD when NMDA receptors near the recording site were blocked (change from baseline in the amplitude of the evoked population spike 5 min after the second train of pairs in the presence of D-APV: 0.5 Ϯ 0.2 mV, n ϭ 5, vs in the absence of D-APV: Ϫ3.4 Ϯ 0.2 mV, n ϭ 6; t test for independent groups, p Ͻ 0.01). Figure 2 B shows that the decrease in both autonomous and cofactordependent PKC activity observed immediately after paired-pulse stimulation in the absence of NMDA receptor blockade ( Fig. 1 B) failed to occur when NMDA receptors were blocked ( Fig. 2 Ba: autonomous PKC activity, n ϭ 5, p Ͼ 0.1; Fig. 2 Bb: cofactordependent PKC activity, n ϭ 5, p Ͼ 0.1). These findings demonstrate that repeated paired-pulse stimulation alone is not sufficient to cause a significant decrease in PKC activity. Taken together with the findings reported in Figure 1 , our observations indicate that NMDA receptor activation sufficient to induce LTD is necessary for a decrease in PKC activity after paired-pulse stimulation.
LTD in the adult hippocampus in vivo is not associated with a loss of either PKC␣, ␤, ␥, or
The observed decrease in cofactor-dependent PKC activity suggests that LTD in the adult hippocampus in vivo is associated with either a loss of mature enzyme or a posttranslational modification of the enzyme that renders it less able to become catalytically competent. To test the possibility of an LTD-associated reduction of enzyme level, we compared the level of either PKC␣, ␤, ␥, or in dorsal area CA1 to that in ventral area CA1 both before pairedpulse stimulation (baseline) and 5 min after the third train of LTD-inducing stimulation using specific antibodies against the respective isozymes. As illustrated in Figure 3 , there was no sig-4 line; n ϭ 6) or either 5 min (n ϭ 6), 35 min (n ϭ 12), or 65 min (n ϭ 6) after termination of the final LTD-inducing train. Bb, Similar group data of cofactor-dependent PKC activity with the respective area CA1 homogenates. Asterisk indicates significant difference between control and LTD samples at the indicated time points (Student's t test for matched samples; *p Ͻ 0.05, **p Ͻ 0.01). Figure 1 . LTD in the adult hippocampus in vivo is associated with decreased autonomous and cofactor-dependent PKC activity. Aa, Group data (mean Ϯ SEM) of the amplitude of the CA1 pyramidal cell population spike evoked by stimulation of the commissural fibers before and after delivery of three trains of paired pulses (downward arrows) to these fibers. The data are expressed as a percentage of the average population spike amplitude before paired-pulse stimulation. Animals were killed either 5 min (circles; n ϭ 6), 35 min (squares; n ϭ 6), or 65 min (triangles; n ϭ 6) after termination of the third train of pairs. Inset, Average of 10 waveforms of population spikes recorded in the same animal 5 min before onset of the first train (stippled line) and 30 min after termination of the third train of pairs (solid line). Calibration: 4 mV, 5 msec. Ab, Similar group data of the initial slope of the CA1 pyramidal cell population EPSP recorded in st. radiatum before and after three trains of paired-pulse stimulation (downward arrows). All animals were killed 35 min after termination of the third train of pairs (n ϭ 6). Inset, Averaged waveforms of population EPSPs recorded before and after paired-pulse stimulation, as described above (calibration as above). Ba, Group data (mean Ϯ SEM) of autonomous PKC activity in either ventral area CA1 homogenates (control; open bars) or dorsal area CA1 homogenates (baseline, striped bar; LTD, filled bars) for animals killed either 5 min after termination of baseline recording (base- nificant difference in isozyme immunoreactivity between assays containing homogenate of dorsal versus ventral area CA1 during baseline or after the induction of LTD with respect to PKC␣ ( Fig.  3a; both n values ϭ 6; p Ͼ 0.1 and p Ͼ 0.05 for baseline and 5 min after LTD induction, respectively), PKC␥ ( Fig. 3c; both n values ϭ 8; both P values Ͼ 0.1), or PKC ( Fig. 3d; both n values ϭ 8, both P values Ͼ 0.1). Because of previous observations of a delayed effect on the level of persistently active PKC, PKM, during LTD in immature hippocampus in vitro (Hrabetova and Sacktor, 1996) , we also compared PKC immunoreactivity between assays with homogenate from dorsal versus ventral area CA1 excised 35 min after LTD induction. However, similar to the results observed immediately after LTD induction, there was no significant difference in PKC immunoreactivity for tissue collected at the later time point (immunoreactivity for dorsal area CA1, expressed as a percentage of control, 100 Ϯ 4%, n ϭ 6, p Ͼ 0.1). PKC␤ immunoreactivity did not differ between assays with dorsal versus ventral area CA1 homogenate during baseline ( Fig. 3b ; n ϭ 6; p Ͼ 0.1) but, surprisingly, was increased significantly in assays containing dorsal CA1 homogenate compared to those containing ventral area CA1 homogenate after the induction of LTD ( Fig. 3b ; n ϭ 6; p Ͻ 0.05). Control experiments with APV administration during paired-pulse stimulation, similar to those described above, revealed that the observed increase of PKC␤ did not depend on prior induction of LTD but developed after patterned stimulation in the absence of LTD induction (immunoreactivity for dorsal area CA1, expressed as a percentage of control, 130 Ϯ 12%; n ϭ 4; p Ͻ 0.05).
To test further the possibility that the observed decrease in PKC activity resulted from loss of enzyme, we compared the level of the catalytic fragment of either PKC␣ or ␤, the only two isozymes whose catalytic fragment was clearly recognizable by the antibody, between dorsal and ventral area CA1 before and after LTD induction. We found no systematic differences in immunoreactivity between assays with dorsal and ventral area CA1 homogenate either before or after LTD induction (immunoreactivity in dorsal area CA1, expressed as a percentage of control, for PKC␣: baseline ϭ 85 Ϯ 8%, n ϭ 6, p Ͼ 0.1; 5 min after final stimulation train ϭ 97 Ϯ 13%, n ϭ 6, p Ͼ 0.1; for PKC␤: baseline ϭ 87 Ϯ 6%, n ϭ 6, p Ͼ 0.1; 5 min after final stimulation train ϭ 93 Ϯ 9%, n ϭ 6, p Ͼ 0.1). Collectively, these findings do not support the idea that the decrease in cofactor-dependent (and autonomous) PKC activity observed in association with LTD in the adult hippocampus in vivo results from decreased synthesis and/or increased proteolysis of one or several PKC isozymes.
LTD in the adult hippocampus in vivo is associated with a protein phosphatase-mediated reduction of phosphorylation at C-terminal autophosphorylation sites of PKC An alternative explanation for the decrease in both types of PKC activity is dephosphorylation of the catalytic domain of PKC by protein phosphatases. To address this possibility, we focused on the transphosphorylation site Thr-500 on PKC␤II (Thr-497 on PKC␣) and the autophosphorylation sites Thr-634/Thr-641 on PKC␣/␤II and Ser-657 on PKC␣ (Ser-660 on PKC␤II). The transphosphorylation site is located on the activation loop of the enzyme, and its phosphorylation is required for maturation to the cofactorsensitive, catalytically competent state (Orr and Newton, 1994; Bornancin and Parker, 1997) . Both autophosphorylation sites are located on the C terminus, and their phosphorylation plays a critical role in the enzymatic function of PKC, although their relative importance to PKC activity is controversial (Dutil et al., 1994; Zhang et al., 1994; Keranen et al., 1995; Parker, 1996, 1997; Gysin and Imber, 1996; Sweatt et al., 1998; Edwards et al., 1999) . Using antibodies that selectively recognize PKC␤II when phosphorylated at Thr-500, PKC␣ and ␤II when phosphorylated at Thr-634/Thr-641, and PKC␣ when phosphorylated at Ser-657, we compared immunoreactivity in assays with dorsal versus ventral area CA1 homogenate before paired-pulse stimulation and at various times after termination of the final LTD-inducing stimulation. Figure 4 illustrates that there was no systematic difference between dorsal and ventral area CA1 before LTD induction with respect to phosphorylation of Thr-500 (Fig.  4 A; n ϭ 6; p Ͼ 0.1), Thr-634/Thr-641 on PKC␣/␤II (Fig. 4 B; n ϭ 4; p Ͼ 0.1), or Ser-657 on PKC␣ ( Fig. 4C ; n ϭ 6; p Ͼ 0.1). Five minutes after the induction of LTD, the phosphorylation level at the transphosphorylation site was unchanged, relative to control levels (Fig. 4 A; n ϭ 6; p Ͼ 0.1), whereas at both autophosphorylation sites it was reduced, as indicated by relatively lower immunoreactivity in assays with dorsal compared to ventral area CA1 homogenate. With respect to Thr-634/Thr-641 on PKC␣/␤II, the reduction in phosphorylation level, albeit a clear trend immediately after LTD induction, failed to reach statistical significance either 5 or 35 min after LTD induction (Fig, 4 B ; 5 min after the final LTD-inducing stimulation: n ϭ 6, 0.1 Ͼ p Ͼ 0.05; 35 min after the third stimulation train: n ϭ 7, p Ͼ 0.1). However, with respect to Ser-657 on PKC␣, the reduction in phosphorylation level was pronounced and lasted at least 35 min after the final LTD-inducing stimulation ( Fig. 4C ; 5 min after the third stimulation train: n ϭ 6, p Ͻ 0.01; 35 min after the third train: n ϭ 8, p Ͻ 0.01). Control experiments with APV administration during paired-pulse stimulation, similar to those described above, revealed that the dephosphorylation of the Ser-657 autophosphorylation site required prior induction of NMDA receptor-dependent LTD, because the difference in immunoreactivity in assays with dorsal versus ventral area CA1 homogenates was abolished in experiments with the NMDA receptor antagonist (phosphoSer-657 immunoreactivity for dorsal area CA1, expressed as a percentage of control and corrected by total PKC␣, 99 Ϯ 5%, n ϭ 4, p Ͼ 0.1). Taken together, these findings suggest that LTD in the adult hippocampus in vivo is accompanied by dephosphorylation of the catalytic domain of PKC, with the specific dephosphorylation target identified here being the Ser-657 autophosphorylation site on the C terminus of PKC␣.
Previous studies showed that PKC activity (Dutil et al., 1994; Parker, 1996, 1997; Lee et al., 1996; Sweatt et al., 1998) as well as phosphorylation at Ser-657 on PKC␣ (Bornancin well (baseline, n ϭ 4; 5 min, n ϭ 6; 35 min, n ϭ 7). The amplitude of the evoked population spike recorded from animals in the 5 min group shortly before the third LTD-inducing stimulation was, on average, 47 Ϯ 4% of baseline level; the amplitude of the evoked population spike recorded from animals in the 35 min group 30 min after the final LTD-inducing stimulation was, on average, 16 Ϯ 10% of baseline level (n ϭ 3), and the slope of the evoked population EPSP recorded from animals in the 35 min group at that time point was, on average, 79 Ϯ 2% of baseline level (n ϭ 4). C, Similar group data of phosphoS657-PKC␣ immunoreactivity and representative Western blots (baseline, n ϭ 6; 5 min, n ϭ 6; 35 min, n ϭ 8). The amplitude of the evoked population spike recorded from animals in the 5 min group shortly before the third LTD-inducing stimulation was, on average, 52 Ϯ 9% of baseline level; the amplitude of the evoked population spike recorded from animals in the 35 min group 30 min after the final LTD-inducing stimulation was, on average, 16 Ϯ 10% of baseline level (n ϭ 3), and the slope of the evoked population EPSP recorded from animals in the 35 min group at that time point was, on average, 74 Ϯ 2% of baseline level (n ϭ 5). Asterisk indicates significant difference between control and LTD samples at the indicated time point (Student's t test for matched samples; **p Ͻ 0.01).
and Parker, 1997) are regulated negatively by PP1 and/or PP2A, protein phosphatases whose activity is increased after the induction of LTD (Thiels et al., 1998) . We therefore tested whether the LTD-associated decrease in autonomous and cofactor-dependent PKC activity and dephosphorylation of Ser-657 on PKC␣ could be blocked by the serine/threonine protein phosphatase inhibitor, okadaic acid. To that end, we delivered three trains of paired-pulse stimulation in the presence of okadaic acid (5-10 M in the drug pipette) and then analyzed the tissue for both 32 P incorporation into NG (28 -43) and immunoreactivity to the phosphospecific antibody. Figure 5A illustrates that LTD was attenuated markedly when paired-pulse stimulation was delivered in the presence of the phosphatase inhibitor (change from baseline in the amplitude of the evoked population spike 5 min after the second train of pairs in the presence of okadaic acid: Ϫ0.8 Ϯ 0.3 mV, n ϭ 7, vs in the absence of okadaic acid: Ϫ3.4 Ϯ 0.2 mV, n ϭ 6; t test for independent groups, p Ͻ 0.01). The effect of okadaic acid on LTDassociated changes in PKC activity are depicted in Figure 5B . Part a shows that there was no difference in autonomous PKC activity between assays with dorsal versus ventral CA1 homogenate either before or after paired-pulse stimulation in the presence of okadaic acid (baseline, n ϭ 4, p Ͼ 0.1; 5 min after the final stimulation train, n ϭ 7, p Ͼ 0.1). Part b shows that there was a trend for cofactordependent PKC activity to be higher in assays with dorsal CA1 homogenate compared to those with ventral CA1 homogenate both before and after paired-pulse stimulation in the presence of okadaic acid (baseline, n ϭ 4, 0.1 Ͼ p Ͼ 0.05; 5 min after the final stimulation train, n ϭ 7, p Ͻ 0.05). Thus, the LTD-associated decrease in autonomous PKC activity (Fig. 1 Ba) and that in cofactor-dependent PKC activity (Fig. 1 Bb) both were abolished when okadaic acid-sensitive protein phosphatases were inhibited. The higher level of cofactor-dependent PKC activity in homogenate of dorsal area CA1, the site of okadaic acid administration, is likely to reflect higher levels of catalytically competent PKC in the presence of the phosphatase inhibitor. Consistent with this suggestion, probing the same homogenates with the anti-PKC␣ antibody revealed slightly but systematically stronger immunoreactivity in assays with dorsal versus ventral area CA1 homogenate (dorsal, as a percentage of ventral; baseline: 137 Ϯ 14%, n ϭ 5, p Ͻ 0.05; 5 min after the third stimulation train: 134 Ϯ 6%, n ϭ 7, p Ͻ 0.01). The effect of okadaic acid on phosphorylation at Ser-657 on PKC␣ is depicted in Figure 5C . In the presence of okadaic acid, phosphorylation at this site was indistinguishable between assays with dorsal versus ventral area CA1 homogenate both before and after pairedpulse stimulation (baseline, n ϭ 5, p Ͼ 0.1; 5 min after the third stimulation train, n ϭ 7, p Ͼ 0.1). Thus, similar to the pattern observed with respect to PKC activity, the LTD-associated decrease in phosphorylation at Ser-657 on PKC␣ (Fig. 4C) was abolished completely when okadaic acid-sensitive protein phosphatases were inhibited. Collectively, these findings indicate that increased activity of okadaic acid-sensitive protein phosphatases following the induction of LTD was responsible for both the decrease in phosphorylation at Ser-657 on PKC␣ and the decrease in PKC activity observed after LTD induction in adult hippocampus in vivo. A summary of all the findings is presented in Table 1 .
DISCUSSION
We examined the regulation of PKC activity during NMDA receptor-dependent LTD in area CA1 of the adult hippocampus in vivo. We found that autonomous PKC activity is reduced below basal levels for a period of 30 -60 min after the final LTD-inducing Figure 5 . The LTD-associated decrease in PKC activity and dephosphorylation of the Ser-657 autophosphorylation site on PKC␣ are blocked by okadaic acid. A, Group data (mean Ϯ SEM) of the amplitude of the evoked CA1 population spike recorded before and after three trains of paired-pulse stimulation (downward arrows) during continuous administration of okadaic acid (5-10 M in the drug pipette; closed triangles, n ϭ 7), a potent inhibitor of PP1 and PP2A. For purposes of comparison, the effect of paired-pulse stimulation in the absence of okadaic acid is depicted as well (open circles, n ϭ 6; data are taken from Fig. 1 Aa) . B, Group data (mean Ϯ SEM) of autonomous PKC activity ( a) and cofactor-dependent PKC activity ( b) in ventral (open bars) and dorsal (striped or filled bars) area CA1 homogenates for animals who received test pulse and paired-pulse stimulation in the presence of okadaic acid and were killed either 5 min after termination of baseline recording (baseline; n ϭ 4) or 5 min after termination of the third train of pairs (n ϭ 7). Asterisk indicates significant difference at the indicated time point between control samples and samples that received paired-pulse stimulation in the presence of OA (Student's t test for matched samples; *p Ͻ 0.05). C, Group data (mean Ϯ SEM) of phosphoS657-PKC␣ immunoreactivity from dorsal area CA1 homogenate stimulation. These findings are consistent with a previous report of reduced PKC activity during NMDA receptor-dependent LTD in area CA1 of hippocampal slices from young animals (Hrabetova and Sacktor, 1996) . They also are consistent with a previous report that NMDA receptor-dependent LTD is not affected by a PKC inhibitor (Oliet et al., 1997; Nicoll et al., 1998) . Interestingly, in that latter study it was found that metabotropic glutamate and GABA A receptor-dependent LTD in area CA1 of hippocampal slices from young animals is blocked during inhibition of PKC activity (Oliet et al., 1997) , which suggests that this form of LTD involves an increase in PKC activity. Although the form of LTD studied here is GABA A receptor-dependent as well (Thiels et al., 1994) , the biochemical cascade that underlies GABA A receptor-dependent LTD in the adult hippocampus in vivo does not appear to resemble that of GABA A receptor-dependent LTD induced by prolonged lowfrequency stimulation in hippocampal slices of preweaning-aged animals.
In addition to the change in autonomous PKC activity, we observed an LTD-associated decrease in cofactor-dependent PKC activity whose time course paralleled that of autonomous PKC activity. The change in cofactor-dependent activity suggested that during LTD either PKC synthesis is decreased, its degradation is increased, or its catalytic competence is corrupted. To evaluate the first two possibilities, we determined whether LTD was associated with a decrease in the level of PKC␣, ␤, ␥, or . We found no evidence for reduced levels of any of these isozymes at a time after LTD induction at which PKC activity levels were decreased significantly. Thus, the LTD-associated change in PKC activity cannot readily be explained in terms of downregulation or accelerated degradation of the kinase. This conclusion is supported further by our observed lack of an LTD effect on the level of the catalytic fragments of PKC␣ or ␤. These results are not consistent with findings of a significant, proteolysis-mediated decrease in PKC␥ and PKM after the induction of LTD in area CA1 of hippocampal slices from preweaning-aged rats (Hrabetova and Sacktor, 1996) . This inconsistency in outcome raises the interesting possibility of a developmental change in the regulation of PKC during synaptic plasticity. Alternatively, the type of LTD studied here, which was induced with paired-pulse stimulation, may differ from the type studied in the slice preparation, which was induced with prolonged low-frequency stimulation. Whereas blockade of GABA A receptors prevents LTD induced by paired-pulse stimulation (Thiels et al., 1994) , it does not affect or facilitate LTD induced by lowfrequency stimulation (Wagner and Alger, 1995) .
To evaluate the possibility that the observed reduction in PKC activity stems from a posttranslational modification that renders the enzyme less able to become activated, we determined whether LTD was associated with dephosphorylation of a transphosphorylation site implicated in the maturation of PKC to catalytic competence (Cazaubon et al., 1994; Orr and Newton, 1994) and/or two autophosphorylation sites implicated in the catalytic activity of PKC (Dutil et al., 1994; Zhang et al., 1994; Keranen et al., 1995; Gysin and Imber, 1996; Bornancin and Parker, 1997; Sweatt et al., 1998; Edwards et al., 1999) . Although phosphorylation of Thr-500 on PKC␤II (Thr-497 on PKC␣) was found to not be essential for enzymatic function provided that the enzyme had progressed to the state of phosphorylation at Thr-641 (Keranen et al., 1995) , we considered the possibility that PKC newly synthesized after LTDinducing stimulation was dephosphorylated by PP1 and/or PP2A (Dutil et al., 1994; Keranen et al., 1995) and thereby rendered inactivatable. We found that phosphorylation at Thr-500 on PKC ␤II was not affected by LTD-inducing stimulation, which suggests that maturation of PKC proceeds normally during LTD in the adult hippocampus in vivo. Phosphorylation of Thr-634/Thr-641 on PKC␣/␤II has been shown to be increased after the induction of LTP in area CA1 (Sweatt et al., 1998) , coincident with elevated autonomous PKC activity after LTP induction (Lovinger et al., 1985; Klann et al., 1991 Klann et al., , 1993 Gianotti et al., 1992; Sacktor et al., 1993; Osten et al., 1996) . Recent work provides evidence for a direct link between phosphorylation of this site and catalytic activity of the enzyme (Sweatt et al., 1998; Edwards et al., 1999) . In the present study we found that, in contrast to LTP, during LTD the level of phosphorylation of Thr-634/Thr-641 on PKC␣/␤II was not significantly changed from control or basal levels. Nevertheless, we observed a marked reduction of autonomous PKC activity that could not readily be attributed to a loss in the amount of enzyme. Thus, in hippocampal cells in vivo, phosphorylation at Thr-634/Thr-641 on PKC␣/␤II in the absence of phosphorylation at Ser-657 on PKC␣ (Ser-660 on PKC␤II) does not appear to be sufficient for catalytic activity of the enzyme.
Phosphorylation of Ser-657 on PKC␣ (Ser-660 on PKC␤II) has been shown to play a role in the catalytic activity (Gysin and Imber, 1996; Bornancin and Parker, 1997) , the affinity to cofactors and substrate (Edwards and Newton, 1997) , the subcellular localization (Keranen et al., 1995; Gysin and Imber, 1996; Feng and Hannun, 1998; Edwards et al., 1999) , and the stabilization and phosphatase resistance (Gysin and Imber, 1996 ; Bornancin and Parker, 1997; Edwards and Newton, 1997) of PKC. Consistent with observations that this site is subject to dephosphorylation by PP1 and PP2A Population spike amplitude 0 Ϫ55 Ϯ 4 (n ϭ 18) Ϫ83 Ϯ 5 (n ϭ 9) Ϫ82 Ϯ 3 (n ϭ 6) 12 Ϯ 3 (n ϭ 9) Ϫ20 Ϯ 4 (n ϭ 7) Population EPSP slope 0 -Ϫ26 Ϯ 2 (n ϭ 9) ---Autonomous PKC activity 2 Ϯ 12 (n ϭ 6) Ϫ35 Ϯ 6 (n ϭ 6)* Ϫ26 Ϯ 4 (n ϭ 12)** 3 Ϯ 12 (n ϭ 6) 4 Ϯ 11 (n ϭ 5) Ϫ1 Ϯ 13 (n ϭ 7) Cofactor-dependent PKC activity 6 Ϯ 13 (n ϭ 6) Ϫ25 Ϯ 8 (n ϭ 6)* Ϫ24 Ϯ 6 (n ϭ 12)** 4 Ϯ 8 (n ϭ 6) 7 Ϯ 8 (n ϭ 5) 26 Ϯ 10 (n ϭ 7)* PKC␣ immunoreactivity 21 Ϯ 17 (n ϭ 6) 34 Ϯ 18 (n ϭ 6) --8 Ϯ 5 (n ϭ 4) 34 Ϯ 6 (n ϭ 7)* PKC␤ immunoreactivity 21 Ϯ 25 (n ϭ 6) 54 Ϯ 22 (n ϭ 6)* --30 Ϯ 12 (n ϭ 4)* -PKC␥ immunoreactivity 4 Ϯ 11 (n ϭ 8)
Percentage of change from either baseline level (electrophysiological measures) or control level (biochemical measures) for the respective measures shown in the left-hand column. The percentage of change (mean Ϯ SEM) is shown for before paired-pulse stimulation (baseline), 5, 35, and 65 min after termination of paired-pulse stimulation, 5 min after paired-pulse stimulation in the presence of APV, and 5 min after paired-pulse stimulation in the presence of OA. Some measures were investigated for only a subset of the time points and/or drug conditions. Asterisks denote statistically significant differences from control level (see Results; *P Ͻ 0.05, **P Ͻ 0.01). (Dutil et al., 1994; Bornancin and Parker, 1997) and our previous findings of increased PP1 and PP2A activity during LTD (Thiels et al., 1998) , we found LTD to be associated with a decrease in phosphorylation at Ser-657 on PKC␣. Furthermore, we found that the LTD-associated dephosphorylation of this autophosphorylation site as well as the LTD-associated decreases in autonomous and cofactor-dependent PKC activity were blocked when pairedpulse stimulation was delivered during inhibition of okadaic acidsensitive protein phosphatases. In light of evidence that phosphorylation at the Ser-657 (Ser-660) autophosphorylation site regulates PKC activity (Gysin and Imber, 1996; Bornancin and Parker, 1997) as well as substrate and cofactor affinity (Edwards and Newton, 1997) , the most parsimonious explanation of the decrease in both autonomous and cofactor-dependent PKC activity during LTD is that okadaic acid-sensitive phosphatases activated upon LTDinducing stimulation, such as PP1 and PP2A, dephosphorylate the autophosphorylation site on the C terminus of PKC and thereby render the enzyme less active and less capable of becoming activated by cofactors. An interesting question that arises from our findings concerns the identity of the proteins that experience reduced PKC-mediated phosphorylation during LTD. Recent evidence shows that NMDAinduced LTD in hippocampus in vitro is not associated with a decrease in phosphorylation at the major PKC phosphorylation site on the AMPA receptor (Roche et al., 1996; Lee et al., 1998) , although it remains to be determined whether phosphorylation at this PKC site also is unaffected during the type of LTD studied here. Another possible target is the ERK signaling cascade, because recent findings suggest that PKC regulates this kinase cascade, including ERK-mediated phosphorylation of the transcription factor cAMP responsive element-binding protein, during LTP in hippocampus in vitro (Roberson et al., 1999) . Finally, based on our preparation, we cannot exclude the possibility that the observed changes in PKC activity occur presynaptically and affect presynaptic targets, as is suggested by the recent report of reduced phosphorylation of growth-associated protein-43 during LTD in juvenile hippocampus in vitro (Ramakers et al., 1999) .
In conclusion, we have demonstrated that LTD in adult hippocampus in vivo is associated with a transient decrease in PKC activity that is mediated by okadaic acid-sensitive protein phosphatases. In light of our previous findings of increased PP1 and PP2A activity during the same form of LTD studied here, we hypothesize that the protein phosphatases responsible for the alteration in PKC activity are PP1 and/or PP2A. The reduction in PKC activity does not appear to result from reduced synthesis or increased proteolytic degradation of the kinase during LTD. Rather, it likely results, at least in part, from dephosphorylation of catalytically relevant autophosphorylation sites on the C terminus of PKC. Reduced PKC activity during LTD is likely to contribute to a net dephosphorylation effect that is believed to underlie the expression of early-phase LTD (Bear and Malenka, 1994; Lisman, 1994; Malenka, 1994; Schulman, 1994) .
